Experimental results of adiabatic boiling of water flowing through a fractal-like branching microchannel network are presented and compared to numerical model simulations. The goal is to assess the ability of current pressure loss models applied to a bifurcating flow geometry. The fractal-like branching channel network is based on channel length and width ratios between adjacent branching levels of 2
Introduction
Boiling will occur for internal flows if the pressure drop along the flow results in a fluid pressure sufficiently below the vapor pressure for phase change to occur. Boiling in this case occurs without the addition of heat; thus it is described as adiabatic boiling. Adiabatic flow in capillary tubes has been utilized in refrigeration systems for many years to control the mass flow rate of refrigerant through the evaporator. These capillary tubes generally have inside diameters on the order of 1 mm and lengths on the order of 1 m, which implies a reasonably high pressure drop along the tube. As microchannel flow systems are being developed for energy and cooling systems an understanding of the adiabatic flow boiling process is needed to aid in model development used for design purposes. These flows generally start as single-phase subcooled liquid, then as the pressure falls below the saturation pressure some of the liquid flashes and two-phase flow ensues. Early studies by Whitesel [1, 2] yielded empirically based relationships to predict the mass flow rate in capillary tubes given the geometry and the inlet and exit pressures. However, results were found to vary between À10% and +14%, indicating that there were significant flow rate variations for identical inlet and exit conditions. Mikol [3] and Mikol and Dudley [4] found that boiling does not occur immediately when the static pressure drops below the saturation pressure, but that the fluid remains in the liquid phase until the vaporization pressure is reached. Non-equilibrium phase change occurs for a small distance along the flow until the pressure, temperature, and quality asymptotically reach equilibrium conditions.
The region of the capillary where the pressure is below the saturation pressure is defined as the metastable region. Meyer and Dunn [5] studied the behavior of the metastable region as a function of the inlet liquid subcooling showing that for the same subcooling, the mass flow rate depends on whether the subcooling is approached from above or below. This difference in flow rate increases for smaller inlet subcooling values, and when approached from below, a lower mass flow rate occurs.
Bittle et al. [6] found similar results while showing that by providing nucleation sites, such as a small diameter wire or small holes in a tube wall, the variation in mass flow rate is significantly reduced. Bittle and Pate [7] examined a variety of fluids to predict the necessary vapor pressure conditions. Wong and Ooi [8] compared various homogenous two-phase viscosity models against data from other adiabatic capillary studies and found that the Dukler et al. [9] viscosity model matched the data best.
Predictive models for single-and two-phase flow through capillary tubes have been developed based on several studies such as Lackme [10] , Kuehl and Goldschmidt [11] , and Melo et al. [12] . All of these are based on the homogenous flow models using the McAdams et al. [13] , Cicchitti [14] , or Dukler et al. [9] two-phase viscosity model. All of these predictive models do show good agreement with specific experimental data.
The objective of the current work is to further study the conditions of adiabatic boiling, but within microchannel branching flows, which inherently have a high surface to volume ratio of the flow. The microchannel flow geometry to be studied has been designed to reduce the overall pressure drop compared to comparable parallel microchannel flow networks. This is achieved by designing the flow network to have fractal-like geometric attributes [15] . The bifurcating nature of the flow, described below, adds complexities to the flow physics.
Pence [15] proposed using a fractal-like branching flow network that mimics flow distribution networks found in nature. The goal was to reduce the overall pressure drop, a problem inherent in microchannels flow networks. Using a one-dimensional model, the pressure drop of single-phase flow in a flow network was predicted. The fractal-like flow pattern was based on fixed length and diameter ratios. The pressure drop was found to be smaller through a fractal-like network than through a series of parallel channel arrays for the same flow rate. In making this comparison, the flow length (i.e., total channel length), channel depth, exit channel geometry, and wall surface area were identical between the fractal-like and parallel channel flow networks.
In the present work, experimental measurements of void fraction and pressure drop for adiabatic flow through a fractal-like flow network are presented and compared with several homogeneous and separated flow models used in the numerical study by Daniels et al. [16] . A previous paper by Daniels et al. [17] addressed diabatic flow boiling in fractal-like flow networks. A full threedimensional CFD model of fractal-like branching flows and heat transfer is given in Alharbi et al. [18, 19] .
Fractal-like flow networks
The fractal-like flow networks under consideration are arranged in disk-shaped as shown in Fig. 1 with flow entering at the center of the disk and exiting at the periphery. The fractal-like aspects of these networks are based on fixed length, L, and width, W, ratios between consecutive channel levels, k and k + 1, where k + 1 is the downstream level and level k = 0 denotes the channel emanating from the inlet plenum at the center of the disk. The width scale ratio, b, is defined as:
The length scale ratio, c, is defined as:
The total length traveled through the fractal-like flow network, and the length of each channel can be determined by combining Eq. (2) with the following summation
As a result of these relationships the entire flow network can be defined with a small number of parameters, b, c, terminal channel width, W t , channel height, H, and L tot . For this study, the width scale ratio was set to 2 À1/2 (0.7017), as recommended by Pence and Enfield [20] . The length scale ratio was also set to 2 À1/2 resulting in the configuration shown in Fig. 1a . The terminal channel width was 100 lm, the channel height was 150 lm, and the total channel length was 18 mm. For illustration, Fig. 1b shows the flow geometry for the case of a width ratio of 2 1/2 but length ratio of . This latter design has a greater channel coverage per plan area yet has a higher pressure loss for a given flow rate.
Model summary
There are well-established 1-D modeling methods for accurately predicting pressure drop in macroscale flow boiling. The two important parameters used in these models are the void fraction and the two-phase multiplier, which are used to calculate the acceleration and frictional pressure drop, respectively. In general, these 1-D models fall into two basic categories: homogenous flow models and separated flow models. Several models for both void fraction and the two-phase multiplier have been modified to characterize flow boiling for miniscale and microscale applications.
The frictional component of the two-phase pressure gradient is expressed as the product of the two-phase multiplier, / 
where G represents the mass flux through a channel, k lo represents the local friction factor, v l represents the specific volume of the liquid phase and D h represents the hydraulic diameter of a channel. For homogenous flows, the two-phase multiplier is expressed in terms of a two-phase viscosity, l TP
The two correlations used in this study for the two-phase viscosity are given by McAdams et al. [13] and Cicchitti [14] , respectively, as:
For separated flows, Chisholm and Laird [21] and Chisholm [22, 23] developed an analytic expression for the two-phase multiplier in terms of the Lockhart-Martinelli parameter,
where x is the quality, C LM is the phase interaction parameter, and is a constant dependent on the flow regime of the two-phase flow. Three correlations for this phase interaction parameter are shown in Table 1 . The Lockhart-Martinelli parameter is defined as:
where n has the value of 1 for laminar flows and 0.2 for turbulent flows [24] . Integrating the frictional pressure gradient for two-phase, fully developed flow and constant fluid properties between two points along a channel results in:
In microchannels, because the channel sizes are small, flows tend to be laminar. In laminar flows the developing regions also tend to be long. Due to the short length of each of the branching levels, a non-negligible portion of each channel may experience developing conditions, both thermal and hydraulic. The inclusion of developing flow effects and variable properties in the frictional pressure gradient is accomplished by having the friction factor, two-phase multiplier, and the specific volume of the liquid phase functionally dependent on the streamwise flow direction. The result is the following expression for the frictional pressure drop between two locations in a channel:
A trapezoidal integration technique was used to estimate the value of the integral based on known values at the limits of integration. In order to calculate the integral local values of the local friction factor in the developing flow region must be obtained. The apparent friction factor given by Shah [25] , which is an average friction factor from the beginning of a channel to some point L along the channel was used to provide a local friction factor. The apparent friction factor is defined as:
where the parameter f is a non-dimensional length along the flow, and k 0 , k 1 , and C 0 are constants based on the channel geometry. Starting with the definition
and differentiating both sides with respect to L yields
The result is an expression for the local friction factor evaluated at any point L as a function of the apparent friction factor and the derivative of the apparent friction factor both evaluated at L: (12) u ¼ 
The acceleration pressure gradient for a two-phase flow in a constant area channel is expressed as dP dz
where a is the local void fraction, and v v is the specific volume of the vapor phase. For homogenous flows, the homogeneous void fraction, denoted as b v , is used rather than a. The homogeneous void fraction is a function of the quality and the specific volumes of the liquid and vapor phases, as show in Table 2 . Also shown in Table  2 are three void fraction models developed for microchannel and minichannel separated flows. The integration of the acceleration pressure gradient in Eq. (19) between two points along the direction of flow, z 1 and z 2 , results in:
This pressure drop accuracy depends on the estimates of void fraction, quality, and the liquid and vapor specific volumes. The total pressure drop across one node from z 1 to z 2 is then the sum of the pressure drop by friction, Eq. (14), and acceleration, Eq. (24).
Experimental set-up
The experimental flow loop consists of a reservoir where de-ionized water with a very small amount of dissolved fluorescent dye (for flow visualization) is stored at approximately 90°C. The liquid was pumped from the reservoir using a variable speed low flow gear pump through a 10 lm filter to prevent any particulate contamination from clogging the microchannels. The flow rate through the loop was further controlled with a needle valve downstream of the filter. Downstream of the needle valve, the flow rate was measured with a high accuracy Coriolis flow meter. The working fluid passed through a coiled tube immersed in a constant temperature oil bath to raise the temperature of the liquid to the desired sub cooling value before entering the test section. The pressure and temperature of the inlet flow were measured just upstream of the inlet plenum.
The flow entered the test device from below through an inlet plenum and flowed radially outward through the fractal-like branching channel network. The frictional pressure drop through the device results in the potential for vapor generation. The flow left the test device entering a separation plenum where a vacuum pump removed the water vapor through hydrophobic membranes to prevent any liquid water droplets from being drawn off with the vapor. The liquid phase was drained from the bottom of the separation plenum and returned to the reservoir.
The branching channel network was fabricated in a silicon wafer with channels etched using a Deep Reactive Ion Etch (DRIE) process. The top surface of the channel was formed by anodically bonding a Pyrex disk to the silicon base. The inlet was laser cut through the silicon wafer. The clear Pyrex top surface allowed direct viewing of the flow within the channels using an intensified CCD camera. The test fixture had a viewing port above the fractal test device that was slightly larger in diameter than the fractal device. The fractal device was held to the test fixture from below using a vacuum pump.
A continuous wave argon ion laser was used with an optical chopper creating laser pulses which illuminated the fractal device and excited the fluorescent dye in the liquid phase. The pulses would freeze the fluid motion and allow the camera, fitted with a high pass filter, to detect only the fluorescent light. The camera captured an instantaneous image of the two-phase flow where the liquid phase is brighter than the vapor phase. The fluorescent dye was Rhodamine 6G Chloride, which has an excitation wavelength of approximately 530 nm and an emission wavelength near 550 nm. A high pass filter was used to better distinguish the liquid phase in the channels.
At each flow rate and subcooling value, the system was allowed to reach steady state, then pressure, temperature and flow rate data were recorded for at least an hour. The pressure and temperature data presented for each condition is the average of all the data recorded during the time interval. Also, during this time 500 images of the two-phase flow were also captured. The image capture trigger was manual so the timing between images was not uniform. These images were used to estimate the void fraction in each branching level of the branching network, based on the average value of all of the images for a given test condition.
Data analysis
The exit quality was calculated using an overall energy balance based on the assumptions that there is no heat loss from the flow and that the liquid and vapor phases are in equilibrium at the exit of the channels. Based on these assumptions, the inlet enthalpy was calculated from the inlet temperature then the exit quality, x, was calculated from
where h l,exit and h v,exit are based on the saturation temperature calculated from the measured exit pressure using correlations from Irvine and Liley [35] . The inlet subcooling was calculated from the measured inlet temperature and the saturation temperature using:
where the saturation temperature is based on the measured inlet pressure, again using Irvine and Liley [35] . Table 2 Void fraction correlations.
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(23) Fig. 2 . Schematic of the flow passage between the test fixture and fractal channel inlets.
The channel pressure drop was measured using a sensor slightly upstream of the actual channel inlet due to constraints imposed by the vacuum chuck and separator fixture. As a result the measured pressure drop was corrected to account for the losses between the pressure measurement location and the beginning of the fractal channels. Fig. 2 shows a dimensioned schematic of the flow passage between the measurement point and the channel inlets. This passage was divided into three regions for which pressure drops were calculated: (i) from point 1 to 2, using a constant diameter tube assuming fully developed flow; (ii) from point 2 to 3, using a standard loss coefficients for a sudden contraction [36] ; and (iii) from point 3 to 4, using standard loss coefficient for a sudden expansion [36] . It should be noted that the increased upstream flow resistance increases the stability of the two-phase flow in the channels [37, 38] .
The void fraction for each branching level was measured from the images captured once flow conditions were steady. A previous study measuring void fraction distributions in a similar fractal-like geometry with diabatic flow boiling indicates a high correlation of void fractions between branches in the same branching level [39] . That study showed how alternative paths available to the bubbles through the bifurcations accommodated a more stable flow in the flow network in that bubbles flowing upstream when reaching a bifurcation often flowed downstream along the adjacent branch. Consequently, data were collected in one branch at each branching level due to the trade-off between resolution and field of view. Statistical mean results are thereby expected to be representative of all channels at a specified branching level.
All 500 images were individually analyzed for void fraction at each branching level. A threshold intensity value was selected from the grey scale images to binarize the images, white being liquid and black vapor. A base image with all liquid in the channels for each region of interests was used to determine the total number of pixels in the channel section. The ratio of the sum of the white pixels in each region of interest to the pixel counts for the base image was used to estimate the void fraction for the region of interest. Fig. 3a-c shows, respectively, a sample grey scale image, the resulting black and white image, and the corresponding all liquid image showing the regions for which the void fractions were calculated. It is recognized that this method assumes the void fills the channel in depth in determining the overall void fraction. In microchannel flow boiling it is observed that vapor bubbles fill the channel rapidly and slug or annular flow are the dominate flow regimes [40] . This is observed to be the case in this study as illustrated in Fig. 3d which is a photograph of one segment of the fractal-like network clearly indicating large dark vapor slugs. The void fraction uncertainty was estimated to be between +/À0.1 and +/À0.4 based on the standard deviation of data sets for each flow rate and the student-t factor with a confidence of 95%.
Results
The measured channel pressure drop is shown as a function of the inlet subcooling for a range of mass flow rates in Fig. 4 . The pressure drop decreases with increasing subcooling for each constant mass flow rate, although only limited data are available at the lower flow rates. For the range of values evaluated for a given value of subcooling the pressure drop increases with increasing mass flow rate. Also, at each mass flow rate the pressure drop decrease with increasing subcooling indicates the strong effect of the acceleration component on the overall pressure drop. This is because the increase in subcooling for a given flow rate results in a reduction of length of channel that experiences phase change. Fig. 5 shows the same pressure drop data that is in Fig. 4 , but is plotted as a function of exit quality and mass flow rate. The general trend is that the pressure drop increases approximately linearly with exit quality at each mass flow rate, with the slopes very similar for the range of flow rates studied. Since the void fraction is primarily a function of quality, as the exit quality increases the exit void fraction is also expected to increase, resulting in a larger acceleration component of the pressure drop. Extrapolating the data for each flow rate back to zero exit quality, assuming a continuous lin- ear relationship, the zero exit quality pressure drop was estimated for each flow rate. The result is the nearly parabolic pressure drop versus mass flow rate shown in Fig. 6 . This result is consistent with the second order dependence on mass flow rate of the pressure drop.
The 1-D numerical analysis conducted by Daniels et al. [17] was used to predict pressure drop for the same test conditions used in Figs. 4 and 5 . The analysis relies on discretized control volumes along the channel length through all branching levels, and calculates the pressure drop and vapor generation for each discretized segment. The void fraction, two-phase multiplier and pressure drop are based on local vapor quality, pressure and temperature. The code marches in the flow direction based on an initial guess for the inlet pressure, the inlet pressure is then iteratively corrected to converge on the known outlet pressure. Although the friction factor within a discretized segment is constant, the friction factor from segment to segment changes due to developing flow. At bifurcations the flow is assumed to split evenly between the two downstream branches. Figs. 7 and 8 show the comparison of the predicted pressure drop results to the experimentally measured pressure drops. Fig. 7 results are based on the homogenous flow void fraction model and the two expressions for the twophase viscosity given in Eqs. (6) and (7). In general, the model agrees reasonably well with the experimental results, the average deviation for homogenous models of McAdams and Cicchitti are 12.0% and 12.1%, respectively, with a maximum deviation of 20.3% and 20.8%, respectively. Both models slightly over predict the measured pressure drop. Fig. 8 shows the comparison of the experimental results with separated flow model results. The latter are based on three different phase interaction correlations given in Table 1 and three different void fraction correlations, Eqs. (21) through (23), given in Table  2 . The predictions show good agreement with the experimental results, with none of the model combinations having a maximum deviation greater than 25%, and all the various combinations having an average deviation below 15%. Table 3 provides a complete accounting of the maximum and average deviations for the separated flow models. It should be pointed out that there were some numerical convergence and stability issues for some of the flow conditions when the void fraction model by Armand [33] was used. These cases are not included.
Some of the combinations of void fraction and phase interaction models have excellent agreement with the experimental results, with average deviations well less than 5%. The best combination used the phase interaction model by Qu and Mudawar [29, 30] , and either the void fraction correlation provided by Chung et al [31, 32] or by Zivi [34] . However, other models show good agreement.
Void fraction data from both the experiments and the prediction using Zivi's void fraction model and the phase interaction model of Mishima and Hibiki are shown in Fig. 9 versus exit quality for k = 0 through k = 3. The imaging quality limited data available for k = 4 due to droplets forming on the edge of the disk. The choice of plotting void fraction versus exit quality is to conveniently show how the void fraction varies versus branching level for a given set of flow conditions that determine the exit vapor condition. Data for the first through the third branching levels follows the same general trend of slightly increasing values of void fraction with increasing exit quality. Experimental data are consistent with the numerical model results. The lower branching levels indicate a larger degree of scatter. The decrease in scatter as the branching level increases is likely a consequence of comparing the void fraction to the exit quality rather than the local quality (which is not available experimentally). The experimental data for the 0th branching level has an upward shift in value from the numerical model results. This may be a consequence of unstable back flow occurring in the experiments which is not captured in the models. Fig. 10 compares the experimental and model predicted void fraction using homogenous void fraction models and homogenous two-phase viscosity models. The data shown are for the second branching level, but are representative of all the branching levels in that the agreement between the model prediction and the experimental data is poor. The experimental data are significantly higher than the predictions. Fig. 11 shows a similar comparison between the experimental void fraction and the model predicted void fraction using the separated flow models. As in Fig. 10 , the plots show data for the second branching level, but are representative Tables 1 and 2 through the fractallike branching channels. of all the branching levels. The agreement between the model predicted void fraction and the experimentally measured void fraction is better than the homogeneous results, but again most models under predict compared with the experimental results. For instance, the combination of the Chung et al. [31, 32] void fraction model and the two-phase multiplier model by Qu and Mudawar [29, 30] (the upper right corner plot) show that the experimental void fractions are systematically higher than the model predictions. The void fraction model by Zivi [34] and the friction model by Mishima and Hibiki [26, 27] (lower left plot) show the best results in modeling the quality and void fraction within a branching level. As previously noted the combination of Mudawar and Qu and either Chung et al. or Zivi provide the best pressure drop results. However, it is apparent from Fig. 11 that the void fraction predictions between these two combinations are not significantly different. Based on this it may be concluded that the separated flow models well predict pressure drop even in a bifurcating branching network and that the results do not seem to be very sensitive to the accuracy of the void fraction predictions.
Conclusions
Experiments of adiabatic flow boiling have been performed on a fractal-like branching channel network. Pressure drop and void fraction measurements were made for a range of mass flow rates and inlet subcooling values. These results were compared to model predictions using several different models for both the void fraction and two-phase multiplier.
The pressure drop results suggest that the primary factor influencing the pressure drop at these flow rates may be the acceleration term caused by the expansion of the liquid phase to vapor phase. The inlet subcooling has a significant affect on the local quality and therefore the overall pressure drop. The models tend to well predict the measured pressure drops, with the separated flow model using the phase interaction parameter model of Qu and Mudawar [29, 30] coupled with either the void fraction correlation of Chung et. al. [31, 32] or of Zivi [34] , performing much better than the homogenous flow models.
The experimental void fraction measurements do not agree as well with the model predictions. The model predictions show a stronger dependence on exit quality for the higher branching levels compared with the experimental void fraction data. There is significant scatter in the experimental data when compared with model results for the various model combinations of void fraction and two-phase multiplier correlations. Most models systematically under predict results relative to the experimental data. The combination of the Mishima and Hibiki [26, 27] phase interaction parameter Fig. 11 . Comparison of experimentally determined void fraction versus model predicted void fraction for the 2nd branching level using separated flow models through the fractal-like branching channels. and the Zivi [34] void fraction correlation follows the void fraction data best, although still under predicts the results.
